Abstract Records indicate that 14,500 years ago, sea level rose by 12-22 m in under 340 years. However,
Introduction
Meltwater Pulse 1a (MWP1a) is the largest rapid sea level rise ever recorded. It is characterized by 12-22 m global mean sea level rise in less than 340 years approximately 14.5 thousand years ago (ka; Deschamps et al., 2012) . At the time, the Earth was undergoing a transition from full glacial conditions (at the Last Glacial Maximum, 21 ka) to the current interglacial state. Ice sheets that covered much of North America and northeast Europe were melting away (Dyke, 2004; Hughes et al., 2016) , while an expanded Antarctic ice sheet may also have been losing mass (Bentley et al., 2014 ).
We do not know the precise origin of MWP1a nor exactly how much of it came from the northern ice sheets (mainly North America and Eurasia) or Antarctica. Some favor dominance of a southern source (e.g., Bassett et al., 2005; Carlson, 2009; Clark et al., 1996 Clark et al., , 2002 Weaver et al., 2003) , but ice sheet modeling suggests Antarctica contributed at most 2 m global mean sea level rise to this event (Golledge et al., 2014) , and other lines of research suggest that there was likely a large contribution from the Northern Hemisphere (e.g., Gregoire et al., 2012 Gregoire et al., , 2016 Peltier, 2005; Tarasov & Peltier, 2005; Tarasov et al., 2012) . Moreover, a growing body of evidence from far-field sea level records supports a mixed contribution from both hemispheres (Gomez, 2015; J. Liu et al., 2016) . increasingly (vertically) stratified, which weakens the Atlantic Meridional Overturning Circulation (AMOC) by 6 Sv (40%). The associated reduction in poleward heat transport produces widespread Northern Hemisphere cooling of 1-5°C. However, previous work has suggested that southern meltwater would have the opposite effect by freshening Antarctic Intermediate Water, thus enhancing the Atlantic meridional density gradient and strengthening AMOC (Weaver et al., 2003) . This latter hypothesis is nuanced by studies showing a nonlinear response to Antarctic meltwater, depending on its magnitude and rapidity of dispersal from the Southern Ocean (e.g., Menviel et al., 2010; Swingedouw et al., 2009) . Therefore, the question was posed as to whether a freshwater contribution from Antarctica would reduce, curtail, or completely override the climatic impact of the northern meltwater .
The climatic influence of combined northern and southern meltwater events are important to understand because several abrupt Northern Hemisphere climate changes are thought to have taken place around the time of MWP1a, including the Bølling Warming (Buizert et al., 2014) and the Older Dryas cooling (Menviel et al., 2011) . Uncertainty in the precise chain of ice-climate interactions makes it difficult to establish the role of MWP1a in these climate changes ). Yet in a warming world with melting ice sheets (McMillan et al., 2014 (McMillan et al., , 2016 , it is becoming ever more important to better understand how freshwater fluxes influence ocean circulation and climate. Using the MWP1a case study, this manuscript directly tackles the question of how mixed contributions of meltwater from the Northern and Southern Hemisphere ice sheets impact climate. We do this by running general circulation model (GCM) simulations of four meltwater scenarios (with different volumes and timings), constructed from the latest literature.
Methodology

Model Description
The GCM we use is the BRIDGE version of the UK Met Office's Hadley Centre Coupled Model version 3 (HadCM3; Valdes et al., 2017) . It comprises an atmosphere GCM with a horizontal resolution of 2.5°× 3.75°a nd 19 hybrid-coordinate vertical layers (Pope et al., 2000) . It includes the MOSES2.1 (Met Office Surface Exchange Scheme version 2.1) land-surface scheme coupled to the TRIFFID (Top-down Representation of Interactive Foliage and Flora including Dynamics) vegetation model (Cox, 2001) . The rigid-lid ocean GCM has a more refined horizontal resolution of 1.25°× 1.25°and 20 vertical layers (Gordon et al., 2000) . Because the ocean volume cannot vary, hydrological fluxes (including meltwater pulses) are represented by virtual salinity fluxes. Thus, steric behavior is not simulated, but its effect on freshwater propagation pathways in this study is likely to be small because the fluxes are small compared to ocean currents (<0.1 Sv; Yin et al., 2010) and multicentennial in length.
Experiment Design
The climate model is based on a 15 ka equilibrium simulation by Singarayer et al. (2011) , for which the boundary conditions have since been updated (Argus et al., 2014; Berger, 1978; Loulergue et al., 2008; Lüthi et al., 2008; Peltier et al., 2015; Schilt et al., 2010) according to the PMIP4 (Paleoclimate Intercomparison Project phase 4) last deglaciation protocol . For reference, the PMIP4 Last Glacial Maximum protocol (Kageyama et al., 2017) is consistent with the last deglaciation protocol at 21 ka, and the updated 15 ka simulation is in the same family of experiments used by Swindles et al. (2018) and Morris et al. (2018) . The total spin-up for this equilibrium part of the simulation was 2,250 years, by which time the model had reached near-steady state.
The transient freshwater forcing used in our simulations represents ice sheet melt and is made up of three consecutive stages (Figure 1 ). The first stage contains only the background flux (run for 525 years), which represents the longer-term global deglaciation of the ice sheets calculated by running the ICE-6G_C (VM5a; Argus et al., 2014; Peltier et al., 2015) ice sheet thickness history through a high-resolution drainage network model (Wickert, 2016; Wickert et al., 2013) . The second stage contains the background flux and the meltwater pulses, which represent the faster changes in sea level at MWP1a. For these, we have constructed four simplified meltwater pulse scenarios (hiN_loS, hiN_leads_loS, hiS_loN, and hiS_leads_loN) according to geological constraints, runoff routing and dynamical modeling of ice sheets, sea level fingerprinting, and climate modeling (Golledge et al., 2014; Gregoire et al., 2016; Hughes et al., 2016; Ivanovic et al., 2017; J. Liu et al., 2016; Patton et al., 2017; Weaver et al., 2003) . The scenarios are designed to test the climatic impact of a range of feasible MWP1a sources, including differences in the timing of the hemispheric source. They were run for 350-525 years, depending on the scenario. The third stage is a return to only the background flux (run for 1,375-1,550 years, depending on the timing of the meltwater pulses), which enables us to examine the model's recovery from the meltwater pulses and their quasi-equilibrium final state. Thus, the total length of the simulations (not including the spin-up period) is 2,425 years. Complete details of the model setup and experiment design, including an explanation of how the background and four meltwater pulse fluxes were derived, are given in Text S1.
Results
Consistent with the ICE-6G_C (VM5a) ice sheet reconstruction from 15 ka, there is no Antarctic meltwater in the background flux, with the largest contributions coming from North America and Eurasia, most of which drains to the Atlantic Ocean (including via the Gulf of Mexico, Arctic Ocean, and Nordic Seas). This background ice melt in the initial 525 years of the simulations increases shallow water buoyancy in the mid-high latitude North Atlantic sector (e.g., Figure 2a ), reducing NADW formation and slowing AMOC. After~300 years, the AMOC steadies, having weakened by~7.5 Sv (36%; black line in Figure 2c ), with a maximum strength of 13.5 Sv.
In the hiN_loS and hiN_leads_loS scenarios, the increase in Northern Hemisphere ice melt further weakens AMOC by 7.5 Sv (another 56% from the background flux, with maximum weakening reached~100 years after peak northern melt; Figure 2c ) through its influence on vertical stratification in regions of NADW formation. Because of the inclusion of Eurasian and Greenland-Iceland meltwater in this set of simulations, this is slightly larger than the effect simulated by Ivanovic et al. (2017) with only North American meltwater (6 Sv weakening). However, the impact on climate is very similar: poleward heat transport in the Atlantic is reduced, leading to strong, widespread Northern Hemisphere cooling (with seasonal sea ice feedbacks that insulate the Nordic-Irminger-Labrador Seas in the Boreal winter and increase surface albedo in those regions during Boreal summer) and weak Southern Hemisphere warming ( Figure 3 ). There is winter warming over eastern North America caused by high pressure over the North Atlantic (as shown by Ivanovic et al., 2017) . The North Atlantic receives less precipitation ( Figure S1 ) due to lower air temperatures and expanded sea ice ( Figure S2 ), which both act to reduce evaporation, and the east Pacific-Atlantic Intertropical Convergence Zone (ITCZ) is displaced southward toward the anomalously warmer hemisphere. See Ivanovic et al. (2017; section 3) for details of these processes and a discussion of the associated warming and drying that takes place in the Amazon rainforest. Reduced convection in the high latitudes leads to intense Arctic subsurface warming (up to 5°C and down to 2,200 m; e.g., Figure S3 . All presented anomalies are calculated from the 100-year annual running means unless otherwise stated). This reduces proximal sea ice volume, and the Arctic surface air heats up by 0.5-2°C when AMOC is at a minimum.
The southern melt included in hiN_loS and hiN_leads_loS has very little lasting impact on ocean circulation or climate. This is particularly evident when compared to the previous study (e.g., Figure 2 in Ivanovic et al., 2017) , which had no Antarctic meltwater, yet showed remarkably similar results. It is explained by the quick dissipation of the Southern Ocean freshwater anomaly by the Antarctic Circumpolar Current (Figure 2b) ; the rate and magnitude of surface freshening/resalinization directly correspond to the rate and magnitude of the Southern Ocean meltwater forcing, with a smaller long-term effect driven by AMOC. Consequently, Antarctic melting produces only a localized, immediate, and short-lived reduction in deep convection near the sites of freshwater input, causing a regional drop in sea surface temperatures that is similarly brief compared to the northern high-latitude climate anomalies ( Figure S4 ). This is in agreement with previous studies using HadCM3 (Richardson et al., 2005 ) and other models (Ma & Wu, 2010; Menviel et al., 2010; Stouffer et al., 2007; Swingedouw et al., 2009; Trevena et al., 2008) , which show a regional cooling of the surface ocean in response to Antarctic meltwater discharge, and that through a combination of rapid mixing by the Antarctic Circumpolar Current, northward Ekman pumping (driven by the westerlies), and enhanced sea ice production, the shallow Southern Ocean is resalinized (and warmed) within a few years or decades of reducing the freshwater flux. Even when the Antarctic melting is delayed by 175 years (hiN_leads_loS), the Southern Ocean freshwater pulse begins only~50 years after the maximum reduction in AMOC strength, when the influence of northern melt remains strong. Thus, the localized and transient nature of the signal combined with the small magnitude of the Antarctic meltwater flux in hiN_loS and hiN_leads_loS (Figures 1a and 1b) mean that any short-lived effect is easily overridden by the stronger and longer lasting response to northern melt.
For hiS_loN, the larger contribution from Antarctica slightly reduces the maximum effect on AMOC (by 1 Sv), but there is little in the surface climate to distinguish this simulation from hiN_loS and hiN_leads_loS except for~1°C Southern Ocean surface cooling that lasts for the duration of the forcing (e.g., Figure S4 ). Even with the larger contribution from Antarctica, the effects of the southern freshwater forcing are quickly mixed away due to the relatively local and fast influence of Antarctic melt versus the wider-reaching and more prolonged response to reduced NADW formation, as described for hiN_loS and hiN_leads_loS.
The influence of Antarctic meltwater on ocean circulation and surface climate is most apparent in hiS_leads_loN. The Antarctic meltwater increases vertical stratification in the upper water column near sites of input, weakening convection and reducing Antarctic Bottom Water formation by 1-3 Sv ( Figure S5 ). Because the intermediate-deep Southern Ocean is relatively warm, inhibited mixing with underlying water causes regional surface cooling of up to 2°C (Figure 3 ) and the northward expansion of sea ice by a few degrees. Another impact of the reduced mixing is subsurface warming of 0.5-2°C at depths of 200-1,600 m as heat builds up in the intermediate ocean (e.g., Figure S6 ). This slightly weakens the density-depth gradient and partially (though quickly) damps the effect of surface freshening on vertical mixing, although the impact of the warming on water density is very minor compared to the freshening. Thus, the subsurface warming is of secondary importance for preventing longer term changes in ocean circulation compared to the role of the Antarctic Circumpolar Current in displacing the freshwater. The warming could have a more influential role as a positive feedback mechanism to West Antarctic melting by eroding the basal ice shelf (Golledge et al., 2014; Menviel et al., 2010) . However, without a coupled ice sheet in our simulations, there is no enhanced melting, and the imposed Antarctic freshwater flux is vastly insufficient for the associated shallow salinity anomaly to be advected to sites of NADW formation, despite its rapid dispersal. Therefore, in the absence of a northern meltwater pulse (which inhibits NADW formation), Southern Ocean freshening acts to weaken Antarctic Bottom Water formation ( Figure S5 ; Swingedouw et al., 2009) , deepening the Southern Ocean and South Atlantic pycnocline, which slightly enhances the subsurface-meridional density gradient ( Figure S7 ; Swingedouw et al., 2009; Weaver et al., 2003) , causing AMOC to strengthen by 2 Sv (Figure 2 ). This produces a brief period of widespread Northern Hemisphere warming (mostly < +1°C, but up to +3°C in the Labrador Sea-Iceland-United Kingdom sector, Figure 3 , where NADW formation strengthens and sea ice cover reduces) and corresponding Southern Hemisphere cooling (<2°C), which induces a weak northward shift of the ITCZ ( Figure S1 ). The Nordic Seas undergo surface cooling where a deepening of the AMOC and also the strengthening of convection further south cause a small reduction in shallow, northward flow past the Faroe Islands. The 175-year lag in the onset of Northern Hemisphere melt in hiS_leads_loN delays its effect on AMOC only by the same amount of time (~175 years) and makes no difference to the maximum AMOC reduction (Figure 2, red versus orange) . Therefore, by~14.3 ka, very similar climate anomalies are observed in hiS_leads_loN as in hiN_loS and hiN_leads_loS~14.5 ka (e.g., Figure 3 ).
The climate change in hiS_loN combines the effects seen in hiS_leads_loN~14.5 ka with those in hiN_loS and hiN_leads_loS~14.4 ka (Figure 3) . The AMOC slowdown causes widespread northern cooling of 1-5°C, with a particularly strong signal in the North Atlantic (that is amplified to >5°C cooling in regions with enhanced sea ice formation), and winter warming over eastern North America. In parts of the Southern Hemisphere, surface cooling overrides the weak warming induced by northern meltwater, resulting in a much patchier and damped temperature signal compared to the other simulations (Figure 3c) . Warming in the southern tropics and subtropics pulls the tropical rain belt south (Figure S1 ), but the anomaly is not as strong as in hiN_loS and hiN_leads_loS because of the weaker interhemispheric temperature change.
The mechanisms that govern the model's recovery from northern meltwater sources are relatively straightforward. Reducing the freshwater forcing allows AMOC to strengthen as upper water column buoyancy is lost, stimulating convection. This enables North Atlantic salinity to be replenished from more southerly latitudes, positively feeding back to the recovery. In all simulations, it takes around 1,000 years for AMOC to strengthen and stabilize after peak northern melting (14.5 ka). There is an initial period of most rapid recovery in the first 175 years (+2.5 Sv per 100 years) after maximum weakening, when the forcing is ramped-down to background levels of meltwater discharge. After this, a slower strengthening of AMOC takes place (~1.5 Sv per 100 years) as relatively salty, shallow subtropical water continues to be transported north and the meltwater forcing remains constant at background levels. Thus, NADW formation is invigorated, providing a positive feedback to AMOC strengthening.
In the simulations, ocean circulation imports 0.2-0.4 Sv of freshwater (net flux) to the Atlantic basin at 32°S, with the lower values occurring during periods with larger northern freshwater forcing and decreased AMOC, and the higher values occurring during weak northern forcing, larger southern meltwater forcing, and stronger AMOC. This net freshwater import negatively feeds back to a change in AMOC strength; when the northern meltwater forcing reduces and AMOC recovers strength, an increasing volume of freshwater is imported from the South Atlantic and carried poleward, where it raises shallow water buoyancy and contributes toward stabilizing the water column. Thus, eventually, AMOC stops strengthening and reaches a new equilibrium state, but only after deeper convection is initiated north of 60°N and Labrador Sea deepwater formation switches on for the first time (~14 ka), leading to a small AMOC "overshoot" of 1.5-2.5 Sv. Consequently, AMOC stabilizes with a maximum strength of 16.5 Sv, which is 3 Sv stronger than before the meltwater pulses. This makes the North Atlantic warmer (+2°C surface air temperature), which reduces sea ice cover in the Labrador and Nordic Seas, and also increases evaporation. Thus, AMOC is stronger after the meltwater pulses than before them, even though the same background forcing is applied. This highlights the implicit complexity of the Atlantic circulation and shows that (modeled) AMOC can exist in multiple stable states. In this case, it was tipped between equilibria by the short, idealized meltwater pulse events. Therefore, to consider AMOC only in terms of bistability, where AMOC is either "on" or "off" (i.e., collapsed or very weak), is an oversimplification (Wunsch, 2010) .
Discussion and Conclusions
Understanding the competing effects of different MWP1a sources is crucial for knowing why abrupt climate changes took place during the last deglaciation, such as the Bølling Warming and Older Dryas Cooling. Using an intermediate complexity model with a strong hysteresis behavior, Weaver et al. (2003) proposed that a dominantly southern-source of MWP1a could drive the Bølling Warming by enhancing the Atlantic meridional density gradient. However, this scenario has not been reproduced by GCMs and there are a number of reasons why it seems implausible: First, the new results presented here suggest that even with a large Antarctic contribution, the climatic effects of Southern Hemispheric melt would likely have been overridden by Northern Hemisphere melt unless the northern contribution to MWP1a was insignificant in magnitude or absent entirely. This is currently very unlikely based on geological and modeling evidence (e.g., Dyke, 2004; Golledge et al., 2014; Gregoire et al., 2012; J. Liu et al., 2016; Peltier, 2005; Tarasov & Peltier, 2005; Tarasov et al., 2012) , but even if it were true, the climatic imprint of Antarctic meltwater forcing is short and weak, mainly because the associated freshwater anomaly is rapidly dissipated and the Southern Ocean is quickly resalinized by the Antarctic Circumpolar Current, enhanced sea ice production, and northward Ekman pumping driven by the westerlies.
Second, because a large contribution from northern ice sheets is likely, then MWP1a could have caused a strong AMOC slowdown and widespread northern cooling, as shown here and by other work (e.g., Ivanovic et al., 2017; Menviel et al., 2011) . This may not be true if AMOC was already in a collapsed state (AMOC was forced to be shut down in the study by Weaver et al., 2003) , in which case freshwater from the northern ice sheets cannot be as impactful on NADW (and therefore on climate) as presented here. However, since northern meltwater would still contribute toward maintaining suppressed NADW formation, it is unlikely that Southern Ocean freshening from Antarctic meltwater and any associated reduction in Antarctic Bottom Water formation could be sufficient to kick-start a collapsed AMOC for the reasons discussed above. Moreover, the likely result of this scenario would not be a rapid reinvigoration of AMOC, but it could provide a mechanism for northern contributions to MWP1a causing only a very small perturbation to North Atlantic convection and climate. While this may help to reconcile comparisons to the Greenland ice core record Figure 3) , it does not present a viable cause for the Bølling Warming. It is difficult to know precisely the initial condition of the ocean circulation at the start of MWP1a, because uncertainty in the timing of the rapid sea level rise and ice sheet melting means that it is not known whether it began during Heinrich Stadial 1 (e.g.,~16 ka; Scenario 2 proposed by Ivanovic et al., 2017) , when AMOC decreased in strength and shoaled (note, however, that it remained active; Bradtmiller et al., 2014) , or later, when AMOC was stronger (e.g., Barker et al., 2010; Bradtmiller et al., 2014; Chen et al., 2015; McManus et al., 2004 ; Scenario 1 proposed by Ivanovic et al., 2017) . Furthermore, although there is information on whether AMOC became stronger or weaker through this period of deglaciation (e.g., see previous references), it is also not known exactly what the absolute AMOC strength was in either of these periods. Our relatively weak (13.5 Sv) and shallow (<2,000 m deep) AMOC with abyssal Antarctic Bottom Water in the Atlantic ( Figure S8 ) is a reasonable initial condition for AMOC at the start of MWP1a if the meltwater pulse began during Heinrich Stadial 1 (Scenario 2, above), though the simulated AMOC may be strong enough to be a better representation of conditions after the Bølling Warming (Scenario 1, above), which Ivanovic et al. (2017) propose to be the more likely scenario. Moreover, even in the extreme case that AMOC was collapsed when an Antarctic pulse freshened the Southern Ocean, this freshening probably did not drive the rapid Northern Hemisphere warming~14.5 ka due to the dominant effects of northern meltwater.
Third, MWP1a is not the only possible explanation for the Bølling Warming. It has been suggested that the abrupt climate event could have been triggered by other mechanisms, for example, due to internal variability of ocean circulation and the transport of salt and heat (Ganopolski & Roche, 2009; Knorr & Lohmann, 2007; Peltier & Vettoretti, 2014) , nonlinear responses to gradual trends in climate forcings (such as CO 2 ; Zhang et al., 2017) , or a linear response to the instantaneous cessation of North Atlantic freshwater forcing (Z. Liu et al., 2009 ). This in turn may have triggered a substantial North American contribution to MWP1a by melting the Laurentide-Cordilleran ice-saddle , presenting a plausible mechanism for Older Dryas cooling or at least the termination of the Bølling Warming and associated AMOC strengthening (Scenario 1 suggested by Ivanovic et al., 2017) . Therefore, to fully address the chain of events and underpinning processes, other contemporaneous forcings to MWP1a will need to be considered, such as rising CO 2 and orbital changes . Nevertheless, the mechanisms underpinning our results are robust, and although the precise location and magnitude of some of the climate anomalies vary between models (as noted by Menviel et al., 2010) , the climatic response to southern melt is at least qualitatively consistent between studies.
Another important aspect of our results is the multistability of an active AMOC, which is never off in our experiments. A different state is reached in the quasi-equilibrium period simulated before and after the meltwater pulses under the same boundary conditions and forcings (including the background meltwater flux); Labrador Sea deepwater formation was switched on for the first time during the recovery from northern melting. This highlights the importance of simulating climate transitions in the lead-up to any event or time period of interest even if the pretransition and posttransition climate forcings are the same. It testifies to more complex behavior than a bimodal on/off state and exposes the inadequacy of the somewhat entrenched and oversimplified paradigm of AMOC bistability, providing a clear indication of how important it is to interpret oceanographic-proxy data in a sophisticated way. Furthermore, the overriding dominance of the impact of northern meltwater makes it very difficult, if not impossible, to use measured climate signals to fingerprint meltwater sources. For example, the differences in ocean circulation are likely beyond our present detection limit using geochemical tracers preserved in sedimentary archives.
In conclusion, the results presented here demonstrate that the simulated climatic impacts of northern meltwater are much stronger and longer lasting than the effects of southerly-sourced freshwater in the context of the MWP1a abrupt sea level change. Melting of the Northern Hemisphere ice sheets reduces Atlantic-Arctic shallow ocean salinity, suppressing NADW formation, which causes northern cooling and southern warming for several hundred years after the northern forcing has finished. During periods of elevated Antarctic melting, convection in the Southern Ocean is reduced and weak sea surface cooling persists in mid-high southern latitudes. However, with an active Antarctic Circumpolar Current in place, the impact of Antarctic freshwater remains constrained to Southern Ocean surface cooling that lasts only as long as the meltwater forcing. Thus, the dominant changes in AMOC and surface climate are driven by the Northern Hemisphere melt. Of even wider relevance, this suggests that in the future, as in the past, century-scale Atlantic ocean circulation may be more susceptible to Greenland melting than to freshwater from Antarctica.
